arteriogenesis ͉ collateral growth ͉ therapeutical angiogenesis ͉ ischemia
D
espite available proangiogenic factors, therapeutic angiogenesis for the treatment of ischemic diseases, including coronary arterial diseases and various peripheral arterial diseases, has failed to conclusively show clinical benefits (1) . Among several plausible reasons for clinical failures, the choice of an optimal angiogenic agent and understanding the underlying mechanisms of establishment of functional collateral networks in ischemic tissues are crucial issues for future development of successful therapeutic strategies. The establishment of collateral networks might involve both processes of collateral growth and remodelling of preexisting collaterals (2, 3) . Several inflammatory cytokines have been shown to act as arteriogenic factors that might be useful for the treatment of ischemic disorders (4) . The pleiotropic inflammatory cytokine IL-20 belongs to the IL-10 family, including IL-10, IL-19, IL-22, IL-24, and IL-26. IL-20 is expressed in monocytes, epithelial, and endothelial cells (5) and exerts its biological functions on multiple cells through activation of IL-20R1/IL-20R2 or IL-22R1/IL-20R2 complexes (6) . For example, the interaction of IL-20 with IL-20R1 and IL-20R2 results in hyperproliferation of keratinocytes and development of pathological skin disorders such as psoriasis (6) . IL-20-induced accumulation of inflammatory cells in various tissues could also be involved in the onset and progression of other inflammatory diseases, such as rheumatic arthritis and atherosclerosis (7) . Interestingly, psoriasis, rheumatic arthritis, and atherosclerosis are all angiogenesis-dependent disorders, suggesting the possible role of IL-20 in regulation of angiogenesis.
Recently, IL-20 was reported to stimulate endothelial cell proliferation and migration and suggested to promote tumor angiogenesis (8) . In this article, we show that IL-20 potently induces endothelial cell tube formation without affecting their proliferation and migration, suggesting that this cytokine plays an important role in vessel remodelling. In a rat ischemic hind-limb model, delivery of IL-20 significantly promotes reestablishment of collateral networks and blood perfusion in the ischemic skeletal muscle tissue. These findings demonstrate that IL-20 could be used as an arteriogenic cytokine for the treatment of ischemic diseases.
Results
In Vivo Angiogenic Activity. To study the in vivo angiogenic activity, IL-20 was examined in the mouse corneal and matrigel angiogenesis models. At day 5 after implantation, IL-20 induced corneal neovascularization in mice, although its angiogenic activity was less potent than those stimulated by VEGF-A or FGF-2 ( Fig. 1 A-D) . The IL-20-induced corneal blood vessels appeared as well organized vasculatures, which consisted of individual microvessels separated from each other (Fig. 1B) . Similar well defined vessels also existed in the FGF-2-induced vasculature (Fig. 1D) . In contrast, VEGF-A-stimulated vessels appeared as a primitive vascular network composing of capillaries fused into vascular plexuses (Fig. 1C) . Quantification analysis showed that IL-20 significantly induced corneal neovascularization as compared with slow-release polymer alone ( Fig. 1 E and F) .
IL-20 Promoted Tube Formation of ECs Isolated from Large and Small
Vessels. To study direct effects of IL-20 on ECs, cell proliferation, migration, and tube formation assays were performed. IL-20 stimulated neither proliferation (0.5-5 nM) of porcine aorta endothelial (PAE) and human dermal microvessel endothelial (HDME) cells nor migration (0.5-100 nM) of PAE and human umbilical vein endothelial cells [supporting information (SI) Fig. 5 ]. However, when PAE cells were stimulated by IL-20, cell shape changes occurred, resulting in elongated cell structures. Interestingly, IL-20 was able to induce PAE (Fig. 2 G-I ) and bovine capillary endothelial (BCE) (Fig. 2 J-L) cell sprouts that appeared as cord-like structures in a collagen spheroid assay. FGF-2 displayed a more potent effect than IL-20 in this system (Fig. 2I) . Similarly, IL-20 potently stimulated tube formation of HDME cells in a matrigel assay, compared with buffer alone (Fig. 2 M and N) . VEGF-A as a positive control was also able to induce tube formation of these endothelial cells (Fig. 2O ). These findings demonstrate that IL-20 displays a selective effect on endothelial cell organization rather than stimulation of cell proliferation and migration.
Expression of IL-20 Receptors in Arterial and Capillary ECs.
The transcripts of all three forms of IL-20 receptors, IL-20R1, IL-20R2, and IL-22R1, were detected in PAE and HDME cells by RT-PCR (Fig. 2 A) . Presence of IL-22R1 in both PAE and HDME cells was confirmed by real-time PCR (data not shown). Consistent with the patterns of mRNA expression, proteins of all three receptors were detectable in PAE cells by immunoblotting (Fig. 2B) . These findings show that ECs of both arterial and capillary origin express IL-20 receptors.
Activation of Intracellular Signaling Components in ECs.
Expression of IL-20 receptors in ECs suggested a direct effect of this cytokine on ECs. We studied signaling pathways involved in IL-20-induced EC activity and found that incubation of PAE cells with 5 nM IL-20 resulted in an initial dephosphorylation of Akt (Ser-473) and Erk1/2 kinases (Tyr-204) within the first 10 min after stimulation followed by a phosphorylation process causing elevated levels of phosphorylated Akt and Erk1/2 ( Fig. 2 C and D) . After 20 min of stimulation, levels of the phosphorylated Akt and Erks were significantly higher than those of nontreated PAE cells. Phosphorylated Stat5 (Tyr-694) and Jak2 (Tyr-1007/1008) were also detected in PAE cells in response to IL-20 resulting in maximum phosphorylation in Ͻ10 min. (Fig. 2 E and F) . Additionally, exposure of either PAE, HDME, or BCE cells to IL-20 resulted in a rapid increase of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) ( Fig. 2 G-J) . The elevated levels of [Ca 2ϩ ] i induced by IL-20 occurred immediately after IL-20 addition in some cells, whereas other cells displayed a delayed response of [Ca 2ϩ ] i release (Fig. 2 G-I) . In contrast, VEGF-A only induced a delayed response of at least 30 sec (Fig. 2 J) . When cells were stimulated by sphingosine 1-phosphate that activates G protein-coupled receptors, release of [Ca 2ϩ ] i occurred at once and had a relatively short duration of Ϸ100 sec (Fig. 2I) Fig. 2 M and N) . NO synthesis occurred in the perinuclear region and near the plasma membrane of IL-20 or VEGF-A-stimulated PAE, HDME, and BCE cells ( Sprouting and morphological changes, such as elongation followed by spreading, are considered prerequisites for formation of new capillary blood vessels (9) . The morphology changes induced by IL-20 prompted us to investigate whether the small GTPases Rac and Rho were activated through GTP binding and to which extent actin polymerization processes were affected. Fig. 3 A and B shows that the activated form of Rho, Rho-GTP, was formed with maximal GTP binding observed after 10 min. This was consistent with the observed actin polymerization processes visualized in Fig.  3 C-H in PAE and HDME cells. Furthermore, Rac-GTP was remarkably increased (Fig. 3 A and B) with a biphasic activation curve. A rapid increase was seen within the first 5 min, followed by a sustained increase in Rac-GTP after 20 min. Thus, actin fibers became more abundant and underwent reorganization in the IL-20-stimulated PAE and HDME cells ( Fig. 3 C 
-H).

Stimulation of Collateral Growth and Improvement of Blood
Perfusion. To study therapeutic implications of IL-20 for the treatment of ischemic disorders, we established a severe rat ischemic hind-limb model in which long lasting severe ischemia was produced in the left leg (10). Ischemia was created by a two-step surgical procedure. This ischemic model can be considered relevant for leg ischemia found in patients. To monitor the establishment of stable collateral vessels, we performed angiographic analysis at day 42 (relatively long term) after the second operation. Delivery of IL-20 protein to the ischemic muscle tissue demonstrated a significant effect of IL-20 on stimulation of collateral growth in the ischemic muscle tissues around the ligation site (Fig. 4B) . Remarkably, the IL-20-induced collaterals had developed into well established arteries appearing as corkscrew-shaped vessels forming vascular networks around the ligation site. Although buffer-treated hind limbs also displayed a moderate reestablishment of collateral networks, this outcome was generally considered the natural response to the occlusion of the femoral artery (3) . Quantification analysis showed that the number of IL-20-induced collaterals was significantly higher than the buffer-treated control group (Fig. 4G) . To further validate the stimulatory effect of collateral growth by IL-20, we performed immunohistochemical analysis to quantify vascular smooth muscle cell-positive vessels in the treated ischemic muscle tissues. Vascular smooth muscle cell-positive vessels were present in the buffer-treated control samples; however, IL-20 significantly increased the number of arteries (Fig. 4 F and I) . The increase of collateral numbers by IL-20 demonstrates this cytokine is able to induce new arterial vessel formation.
To study improvement of blood flow after IL-20 treatment, a laser Doppler analysis of paw skin perfusion was carried out at day 42 after the second ligation procedure. Consistent with angiographic findings, delivery of IL-20 significantly improved the paw blood perfusion in the ischemic hind limb (Fig. 4 C, D, and H) . These results show that IL-20 induces the formation of functional collateral networks, which increase distal skin perfusion.
Discussion
In this article, we show that the inflammatory cytokine, IL-20, acts as an arteriogenic and vascular remodeling factor, which promotes the establishment of functional collateral networks in the ischemic skeletal muscles in rats and induces changes in cell morphology, tube formation, and sprouting of vessels in vitro. We found expression of IL-20R1, IL20R2, and IL-22R1 in PAE and HDME cells, and our data show that IL-20 activated a range of signaling processes that have been implicated in growth factor-activated angiogenic signaling pathways, including tyrosine phosphorylations of JAK2 and STAT5, activation of the serine and threonine kinases Akt and Erk1/2, and the small GTPases Rac and Rho. In addition, we report observed rapid Ca 2ϩ and NO signaling. Stimulating PAE, HDME, and BCE cells with IL-20 resulted in a transient rise in [Ca 2ϩ ] i through release from intracellular stores. An increased level of [Ca 2ϩ ] i is a crucial step in a variety of cell activation processes involving enzymatic activations. One of those is the activation of eNOS leading to NO production and vasodilation. IL-20 induced pronounced and localized synthesis of NO near the perinuclear area and in the cell periphery. It has been shown that after stimulation, eNOS moves away from caveolae and distributes both at the plasma membrane and near Golgi, when stimulated with acetylcholine (11). We found NO synthesis mostly near the perinuclear region and near the plasma membrane area after stimulation with IL-20 ( Fig. 2 M-O) and VEGF (see SI Fig. 6 ). Activation of Akt causes eNOS phosphorylation that together with an increase in [Ca 2ϩ ] i lead to NO synthesis. Our data are consistent with the rapid and strong increase in [Ca 2ϩ ] i after stimulation with IL-20 and the subsequent Akt phosphorylation being responsible for eNOS activation and NO synthesis. It is interesting to note that the NO synthesis, besides its role as a vasodilator, also facilitates most of the angiogenic processes (12) . Several angiogenic factors stimulate NO synthesis, and the importance of this molecule is illustrated by eNOS knockout studies, revealing impaired angiogenesis in response to ischemia (12) .
The IL-20-induced rise in [Ca 2ϩ ] i appears to be one of the essential signaling processes linking the IL-20 receptor to Rac activation and morphological changes (13) . Interestingly, a recent study shows that VEGF-induced Rac activation in human umbilical vein endothelial cells is diminished by carbazole, the active antipsoriatic component of coal tar (14) , implicating Rac as a signaling factor affecting angiogenesis during psoriasis development. Consistent with the very pronounced effects of IL-20 on the cytoskeleton in aortic and capillary endothelial cells, we also found that IL-20 increased Rho-GTP formation. Rho-GTP coordinates responses of endothelial cells to extracellular stimuli by regulating cell shape and polarity and cell-to-cell adhesion (see ref. 15 for a review). Thus, the activation by IL-20 of JAK2/STAT5, Akt, and Erk1/2 signaling (together with the rapid Ca 2ϩ rise, NO synthesis, and activation of the small GTPases Rac and Rho) is consistent with IL-20 being a cytokine that can modulate angiogenic processes of which a number of biological effects are important, such as rearrangement of cytoskeleton, changes in morphology, and cell sprouting.
Establishment of functional collateral networks probably involves processes of both collateral growth and remodeling of preexisting collaterals. Some recent studies in rodent models support the latter mechanism (16) . Unlike most of other known angiogenic factors and cytokines, IL-20 does not stimulate EC proliferation and migration of three independent cell lines. In contrast to our findings, a recent study showed that IL-20 played a direct role in stimulation of EC proliferation and migration (8) . The discrepancy between that study and our present findings is unclear. Interestingly, in both in vitro and in vivo systems, IL-20 potently stimulates vessel tube formation. The origin of endothelial cells induced by IL-20 is unclear. It is possible that IL-20 is a chemoattractant for inflammatory cells, including neutrophils and monocytes/macrophages, which subsequently induce angiogenesis. Another possibility is that IL-20 might mobilize circulating precursor endothelial cells that participate in neovascularization. These possibilities warrant further investigation. If IL-20 had been assayed for its ability to stimulate EC growth, it would have had by definition been considered a nonangiogenic cytokine. The vascular remodeling activity of a growth factor or cytokine could, therefore, probably be assayed only in a 3D EC culture system and by appropriate in vivo angiogenesis models. It is interesting to note that IL-24, which acts on the same receptor complexes as IL-20, is anti-angiogenic. Like IL-20, it is without effect on EC proliferation in vitro but does inhibit tube formation (17) . In addition, there are several examples of signaling systems including the notch pathway that control EC differentiation, vascular remodeling or arteriogenesis without significantly affecting EC growth (18) . Genetic deletion of these genes in mice results in severe vascular patterning defects, leading to lethality of embryos during the early embryonic development (19) . Thus, vascular remodeling (including EC differentiation, reorganization, trimming, and shaping of primitive vasculatures; recruitment of vascular smooth muscle cells or pericytes; and maintenance of the stable vasculature) is crucial for establishment of a functional arterial network.
Under a hypoxic environment, VEGF-A is usually up-regulated by activation of the HIF-1␣ pathway (20) . However, VEGF-A alone as a relative specific endothelial growth factor might not be sufficient to induce arteriogenesis and VEGF-A-induced primitive vascular plexuses have to be remodeled (21) . In agreement with this notion, delivery of VEGF-A alone to ischemic muscle tissues in patients did not produce conclusive beneficial effects (22) . It is highly possible that IL-20 in the ischemic tissue could remodel VEGF-A-induced vessels. In addition to its direct effects on vascular remodeling, IL-20 might also regulate arteriogenesis via recruitment of inflammatory cells. In accordance with this notion, we found, using a Boyden chamber, that IL-20 is a chemotactic factor for monocytes (data not shown). Indeed, several inflammatory cytokines have been shown to stimulate arteriogenesis and the formation of collateral networks (4) . IL-20 receptors are expressed on ECs, supporting its direct role in regulation of vessel formation. Interleukins, together with other immunoregulatory cytokines, might play an important role in switching on or off vessel growth and in maintaining homeostasis of the vasculature. Our intriguing finding that IL-20 regulates vascular remodeling without affecting EC growth distinguishes this cytokine from others regarding the vascular function.
Functional improvement of ischemic tissues stipulates revascularization of arterial vascular networks that perfuse hyperoxygenated fresh blood to the ischemic region. Although molecular mechanisms of angiogenesis have been relatively well characterized, little is known about arteriogenesis, which is essential for therapeutic development. Successful arteriogenic therapy relies on the optimal choice of arteriogenic factors. Unfortunately, current therapeutic strategies lack rationales for selection of angiogenic or arteriogenic factors. IL-20 as a vascular remodeling factor that promotes the formation of functional collateral networks represents a new class of arteriogenic factor. Thus, this factor should hold a great promise for clinical development for the treatment of ischemic diseases. Phalloidin Staining. HDME and PAE cells were grown on chambered cover-glass (Lab-Tek; Nalge Nunc International, Rochester, NY) to 90% confluency. Cells were serum-starved for 1 h (HDME cells) or 48 h (PAE) in RPMI medium 1640 before stimulation. Activation was stopped by removal of the media and cells were fixed, permeabilized, and stained with phalloidin-rhodamin according to the instructions provided by the supplier (Cytoskeleton). Matrigel Tube Formation Assay. Growth factor-reduced matrigel matrix (BD Biosciences, Brøndby, Denmark) was added to 12-well culture plates according to the manufacturer's instruction, and the matrigel was allowed to polymerize for 30 min at 37°C. HDME cells (1 ϫ 10 5 ) in growth medium were plated on the matrigel and stimulated after 1 h. After 4 h of incubation, tube formation was observed with a Lietz Labovert phase-contrast microscope ϫ150 magnification (Leica Microsystems, Herlev, Denmark), and images were acquired by using a digital camera (CoolPix 990; Nikon, Tokyo, Japan).
Materials and Methods
Spheroid in Vitro Angiogenesis
Assay. An in vitro angiogenesis assay using PAE or BCE cell spheroids was performed principally as described in ref. 26 . (See SI Materials and Methods for details.)
Mouse Corneal Micropocket Assay. The mouse corneal assay was performed as described in ref. 27 . A micropellet (0.35 ϫ 0.35 mm) of sucrose aluminum sulfate (Bukh Meditec, Copenhagen, Denmark) coated with hydron polymer-type National Ecological Observatory Network Coordinating Consortium containing 500 ng of IL-20, 160 ng of VEGF-A, or 80 ng of FGF-2 was surgically implanted into each micropocket in the mouse eyes (one eye per mouse). The corneal neovascularization was examined and quantified at day 5 after pellet implantation (n ϭ 7-10 eyes per group). Vascularization areas were calculated by measuring vessel length and clock-hours (the circumferential area of neovascularization if the eye is considered as a clock).
Rat Ischemic Hind-Limb Model. The rat ischemic hind-limb model was carried out as described in ref. 10 , using a two-stage procedure on the left hind limb. The right hind limb serves as a control. The operated animals were randomly divided into two groups (six rats per group) for treatment with IL-20 or PBS. During the second operation, 5 g of IL-20 or PBS in sucrose sulfate/hydron slowrelease polymers was implanted into intramuscular pockets near the ligation site. After completion of the operation, 50 g of IL-20 in 400 l of PBS or buffer alone were injected into three sites close to the femoral ligation site, and the treatment continued every other day for 12 days.
Laser Doppler Perfusion Imaging. The laser Doppler perfusion imager (MoorLDI-VR; Moor Instruments, Axminster, U.K.) was used to assess the limb perfusion. (See SI Materials and Methods for details.)
Angiography. At day 42 after the second operation, rats were anesthetized and a midline incision was performed to expose and place a ligature around the abdominal aorta. (See SI Materials and Methods for details.)
Immunohistochemistry. After killing the animals at day 42 after the second operation, muscle tissue samples from the ligated and treated areas of the ischemic and control hind limbs were dissected. Tissue samples were fixed with 3% paraformaldhyde overnight at 4°C, dehydrated and embedded in paraffin, and cut as 5-m crosssections. The muscle tissue was then stained with a monoclonal antibody against smooth muscle ␣-actin (Neomarkers, Fremont, CA). For further details, see SI Materials and Methods. Omission of the first antibody was used as a negative control. Analysis of tissue samples was conducted by using a Nikon Eclipse E800 epifluorescence microscope.
Collateral Analysis. Collateral numbers were measured from ␣-actin positively stained vessels, excluding the ones with a venous shape at ϫ10 magnification. A total number of collaterals were counted manually from 10 different fields selected from two different sections from each sample in a blinded fashion. The results were expressed as the number of collateral arteries per field of view.
Statistics. Data are presented as means Ϯ SD or means Ϯ SEM. Statistical evaluation of the results was made by two-tailed Student's t test and Mann-Whitney U test, using Statview and Microsoft (Redmond, WA) Excel softwares. Differences with P Ͻ 0.05 were considered significant.
